The main aim of this study is to compile 2-D density model of the CELEBRA-TION 2000 profile CEL12, which is based on seismic refraction data. The profile CEL12 crosses the External Western Carpathians Flysch zone and is located in the southern part of Poland. The general feature of the resultant density model shows significant changes in the crustal thickness. The Moho depth changes in the interval from 31 km to 43 km. The interpreted 43 km crustal thickness over a 60 km section of the profile results in the discovery of an area, which represents the thickest crust in the entire West Carpathians. This area is situated ∼50 km north-east from the High Tatras in Poland.
Introduction
The deep seated structure and dynamics of the Earth's lithosphere is one of the worldwide current research topics. The use of geophysical methods gives us advantage to expand our knowledge. Particularly seismics is one of the most used and most useful methods to describe the structure and composition of the Earth's crust. In last decades, many international projects, such as POLONAISE '97, CELEBRATION 2000 , ALPS 2002 and SUDETES 2003 took place in the Central European region and contributed to very high level of survey coverage in this area (e.g. Guterch et al., 2003a; Grad et al., 2006; Środa et al., 2006; Hrubcová et al., 2005; 2010; Behm et al., 2007; Brückl et al., 2010; Brückl, 2011; Janik et al., 2011; Malinowski et al., 2009 Malinowski et al., , 2013 .
For research in the Western Carpathians and their immediate surroundings, the CELEBRATION 2000 (Central European Lithospheric Experiment Based on Refraction 2000) project was the most important. The project was held by 28 European and North American research institutions and contained 16 seismic refraction profiles crossing the ALCAPA region (Guterch et al., 2003a,b) . These profiles were focused to cover the most of the tectonic units in Central Europe, such as the East European Craton, the Trans European Suture Zone (TESZ), the Western Carpathians, the Pannonian Basin, the Bohemian Massif and the Eastern Alps.
Further information on the crustal and lithospheric structure of Europe have been published by Tesauro et al. (2008) , Kaban et al. (2010) , Jones et al. (2010) , Plomerová and Babuška (2010) , Zeyen et al. (2002) , Dérerová et al. (2006) , Grinč et al. (2013) . Important knowledge about the depths of Moho and lithosphere-asthenosphere boundary (LAB) have also been obtained by integrative 3-D modelling (LitMod) combining in a self-consistent manner concepts and data from thermodynamics, mineral physics, geochemistry, petrology and solid Earth geophysics (Alasonati Tašárová et al., 2009 .
With its length of nearly 200 km, the seismic refraction profile CEL12 is one of the shortest profiles of the project CELEBRATION 2000. Located in the southern part of Poland (Fig. 1) , it crosses exclusively the tectonic unit of the External Western Carpathians Flysch zone (Fig. 2) . Despite of its short length, the main importance of this profile dwells in the fact that it crosses some of the other important CELEBRATION 2000 profiles. It contributes to result switchover between those profiles and broadens interpretation possibilities of the lithospheric structure in the Western Carpathians. The importance of the CEL12 profile lies above all in the discovery of the deepest Moho discontinuity (the thickest crust) in the Western Carpathian region.
The main aim of this study is to compile and interpret a 2-D density model along the seismic profile CEL12 based on the seismic refraction profiling results and other geophysical and geological constraining information. Guterch et al., 2003a) . The CEL12 profile is shown in red ellipse. The red, pink, blue, black, orange and grey color circles show shot points. Yellow lines are high density recording profiles, the other lines are low density recording profiles.
Geological setting
The CELEBRATION 2000 project crossed the Carpathian-Pannonian region, which is part of the ALCAPA microplate (including also the Transdanubic Range and the Eastern Alps). This area is subject to discussions regarding its structure and tectonic evolution (Janik et al., 2011) . There are two main views about its Tertiary evolution. The first one suggests the gravitational collapse of the continental lithosphere (e.g., Knapp et al., 2005; Gemmer and Houseman, 2007) . The second one regards as crucial the process of subduction of the oceanic lithosphere, which is more accepted for its geological and geophysical evidence (e.g., Csontos et al, 1992; Nemčok et al., 1998; Konečný et al., 2002; Alasonati Tašárová et al., 2009) .
The Western Carpathians are a mountain range with dominant nappe structure and characteristic north-vergent orogenetic processes migration (Alasonati Tašárová et al., 2009) . The mountain range is circumscribed by the edge of alpine nappes in the north, Eastern Alps in the west, Uzh river valley in the east, while the southern boundary is poorly demarcated due to sedimentary cover of the Western Carpathian units (Hók et al., 2001 (Hók et al., , 2014 . The Western Carpathians can be divided into the Internal Western Carpathians and External Western Carpathians (Mišík et al., 1985) .
The seismic profile CEL12 is exclusively located in the External Western Carpathians (Fig. 2) , which are separated from the Internal Western Carpathians by Pieniny Klippen Belt in the south (Oszczypko et al., 2015) . The External Western Carpathians form a huge accretionary wedge with north-vergent nappe structure (Środa et al., 2006; Hók et al., 2014) composed of Cretaceous and Paleogene formations (Oszczypko, 2004) . The basement is formed by the Epivariscan Platform with the thickness in range from hundreds to thousands meters beneath the Western Carpathians (Oszczypko, 2004) . The Flysch zone has a typical development with the alternation of abyssal turbidity sediments (Kováč et al., 2016) , more precisely shales and sandstones developing on the continental margins with thickness of sediments up to 18 km in the easternmost part (Ry lko and Tomaś, 2005; Janik et al., 2011) . The foreland was befallen by the subduction of the oceanic crust and lead to dying out of the basin of deposition from Upper Paleogene to Upper Miocene (Alasonati Tašárová et al., 2009 ) and successive detachment of the sediments and their accumulation as the accretionary wedge (Hók et al., 2001) . The termination of the Magura Ocean lead to development of the anoxic setting and sedimentation of black shales. In the remains of the Magura Ocean, the Magura Basin was the exception with sedimentation of the syntectonic sandstones (e.g., Kováč et al., 2016) .
Methodology
Quantitative interpretation of the gravity field along the seismic refraction profile CEL12 was compiled in 2-D density modelling software GM-SYS (Gravity and Magnetics Modelling system) created by Northwest Geophysical Associates, Inc. (NGA). The software was designed to calculate a gravity and/or magnetic response of the geological model, which offers user-friendly interface for interactive and intuitive creation and editing of geophysical models based on observed gravity and/or magnetic data. The possibility to make the process of interpretation and testing alternate admissible solution faster is due to immediate calculation of the gravity and magnetic response of the model. It is possible to interactively manipulate the geometry and change density values for every block used in a model. The software also offers various features, such as 2 3/4 -D modelling, Extended Model Size, Gravity/Magnetic Gradients, Joint Inversion/Optimalization, Seismic Bitmap (GM-SYS User's Guide for version 4.9, 2004) .
GM-SYS software uses a 2-D model of the Earth, which only changes in depth (axis Z) and along the direction of the profile (axis X) with the possibility to extend the model to "infinity" (±30 000 km) thus the 2-D model represents a complex of polygons extended to infinity in the direction of axis Y (GM-SYS User's Guide for version 4.9, 2004) . This allows approximating various types of geological objects, such as faults, dikes and 3-D bodies extended in the direction of axis Y (Csicsay, 2010) .
Gravity and magnetic response calculation of such bodies is based on methods by Talwani et al. (1959) and Talwani and Heirtzler (1964) with algorithm after Won and Bevis (1987) . 2 1/2 -D calculation is based on formula by Rasmussen and Pedersen (1979) . Methods patented by NGA were used to increase effectivity and speed of calculations and to better optimise the interactive interface. GM-SYS inversion implements the Marqardt inverse algorithm (Marqardt, 1963) and its application to gravimetry and magnetics was introduced by U.S. Geological Survey.
Input data
Gravity data, the key data type for creating a 2-D density model, were compiled from the gravity map of the southern part of Poland (Królikowski and Petecki, 1995; Bielik et al., 2006) . Complete Bouguer Anomaly attains here values from -46.8 to -72.1mGal (1 mGal = 10 −5 ms −2 ). At the beginning of the profile, there is an increasing trend of values from the initial -68 mGal up to -50 mGal at the 110 km distance. The highest values (more than -50 mGal) are at about the centre of the profile (111-th to 140-th km from the beginning of the profile), followed by rapid decrease of values towards the end of the profile, with values of about -68.5 mGal and less, which are the lowest on the CEL12 profile.
Heights of the topographic suface were taken from GTOPO30 (Gesch et al., 1999) for 192 km long profile with a step of 1 km. Since our model is 2-D, it is important for the assessment of the results (Zeyen et al. 2002) to have some measure of the 3D variability of the input data. For this reason, we show the topography in Figures 3 and 4 not only along the profile CEL12 but in a stripe of 25 km width to both sides of the profile for topography. Higher topography is located in the western part of the profile with the highest value of 850 m above sea level (around 10-th km). The lowest point of the profile is 350 m above sea level (∼120-th km).
Comparing the gravity and topography (Fig. 3) we can say that there is a good (negative) correlation between them. Generally, the higher topography correlates with lower values of the Complete Bouguer Anomalies. This fact can indicate a compensation of topography in depth, e.g. by the Moho discontinuity (Bielik, 2000) . And vice-versa, the section with the lowest topography has the highest observed gravity values, which can indicate the elevation of Moho. However, this assumption may not be applicable everywhere. The CEL12 seismic refraction profile (Fig. 4) compiled by Janik et al. by the elevation of the Moho discontinuity in the central part of the profile. The uppermost part of the upper mantle is characterized by v p from 8.00 km s −1 up to 8.38 km s −1 . The Moho depression near the central part of the profile is represented by a depth of 43 km, which indicates the thickest crust in the Western Carpathians.
The required densities for the anomalous bodies along the profile CEL12 were obtained by transformation of P-wave velocities v p to densities by formulas of Sobolev-Babeyko (Sobolev and Babeyko, 1994) , ChristensenMooney (Christensen and Mooney, 1995) and Lachenbruch-Morgan (Lachenbruch and Morgan, 1990) . The last formula was used to determine the densities of the anomalous layers located within the lower lithosphere (Šimonová and Bielik, 2016) . The calculated density values are for: the External Western Carpathians sedimentary layer 2.49-2.59 g cm −3 ; the upper crust 2.26-2.82 g cm −3 (after Christensen and Mooney, 1995, or 2.64-2.69 g cm −3 after Sobolev and Babeyko, 1994) , with average of 2.61 g cm −3 ; the lower crust from 2.75 g cm −3 (or 2.76 g cm −3 after Sobolev and Babeyko, 1994) up to 3.01 g cm −3 , with average value 2.89 g cm −3 ; the lower lithosphere from 3.34 to 3.38 g cm −3 (or 3.38 g cm −3 after Lachenbruch and Morgan, 1990) , with average of 3.37 g cm −3 (Šimonová and Bielik, 2016).
Modelling results
On the basis of the data mentioned above we constructed an initial density model. The input parameters of the anomalous density bodies were modified by trial and error until a reasonable fit was obtained between observed gravity and calculated data (Fig. 5) . The maximum average error along the profile was only ±0.988 mGal, except for the beginning of the profile. These differences could be explained by a presence of near surface inhomogeneity. The final densities are shown in Fig. 5 .
A general feature of the resultant density model is that the crustal thickness varies significantly along the profile CEL12. The Moho depth changes from 31 km to 42 km. The crustal thickness at the beginning of the profile is about 36 km, and to the east it gradually increases to a depth of 43 km (at 60-th km of profile). This thickness of the crust is the largest in the whole area of the Western Carpathians. At 75-th km of profile the Moho boundary rises sharply to a depth of only 31 km and in the interval from 80-th to 110-th km of the section only insignificant Moho elevation can be observed. Next to the east, the crustal thickness increases when it reaches 38 km at the end of the profile. Note that the large changes of Moho depth can be observed in a relatively short interval (190 km) and in only a single tectonic unit -the External Western Carpathian Flysch zone. This is a significant finding.
The crust consists of four anomalous density layers: sedimentary, upper part of the upper crust, lower part of the upper crust and lower crust.
The sedimentary layer consists of two parts. The maximum thickness of the western part with 2.40 g cm −3 density reaches about 6 km and its thickness thins out significantly to the east. The eastern part of the sedimentary layer is characterized by thickness, which varies from 0 to 10 km. The upper crust consists of two layers. The upper part of the upper crust is represented by lower average density 2.61 g cm −3 and its thickness varies from about 2 km up to 20 km. The lower part of the upper crust dips in the direction from west to east. In the same direction, its average density is also increasing from 2.64 g cm −3 to 2.68 g cm −3 . The depth of the boundary between them varies from 7.5km (0-th km of the profile) up to 28km (120-th km of the profile). The western part of the lower crust is represented by average density 2.74-2.76 g cm −3 and its thickness varies from 8 to 12 km. The upper boundary of this layer varies from 24 km up to 34 km. The eastern part of the lower crust has average density 2.71-2.78 g cm −3 . Its thickness at the end of the profile reaches 17 km, while towards the west this part of the lower crust thins out and at the 96-th km of the profile reaches thickness of 0 km.
The lower lithosphere (uppermost part of the upper mantle) is characterized by average density of 3.37 g cm −3 .
Discussion and Conclusion
The orientation of the profile CEL12 in terms of 2-D modelling is not ideal as it is nearly parallel to the course of the External Western Carpathian unit (Fig. 2) . In spite of this, the agreement between the results of seismic and gravimetric modelling is excellent.
The results of 2-D density modelling confirmed the seismic interpretation along the profile CEL12, which has discovered that the crustal thickness over the profile interval from 24-th km to 72-nd km reaches more than 42 km. Based on the knowledge about the depth of the Moho discontinuity (e.g. Janik et al., 2011; Bielik et al., 2018) , it is known that this crustal thickness is the largest in the whole area of the Western Carpathians.
The results of 2-D density modelling show clearly that significant changes can be expected in the thicknesses of the crust, sedimentary layer, upper and lower crust not only along and across the Western Carpathians but also within its individual tectonic units of which they are composed.
